Nylon-4,6 nanofibres with diameters ranging from about 1 µm down to 1 nm were prepared by electrospinning. The fibre diameter was varied by adjusting the concentration of the polymer solution. Electrospinning of a concentrated solution of as high as 20% nylon-4,6 by weight in formic acid produced a ribbon-like electrospun fibre with a ribbon width of about 850 nm. A semi-dilute concentration of 2% nylon-4,6 by weight produced the thinnest nylon-4,6 nanofibres with diameters of 1.6 nm or less. A small amount of pyridine was added to the electrospinning solution to avoid the formation of beaded nanofibres in the course of electrospinning at low concentrations. Scanning and transmission electron microscopy were used to characterize the size of the nanofibres. An ultra-thin nylon-4,6 nanofibre of 1.2 nm diameter might contain six or seven nylon-4,6 molecules in a typical cross-section of the fibre.
Introduction
Fibres with ultra-thin diameters are very interesting from both the technological and scientific points of view. Electrospinning provides a straightforward way to produce thin polymer nanofibres [1] [2] [3] [4] . The smallest polymer fibre must contain at least one polymer molecule. A typical polymer molecule has a diameter of a few tenths of a nanometre. The thinnest fibre known to us is the smallest single wall carbon nanotube with 0.40 nm diameter, prepared by pyrolysis of tripropylamine molecules in the channels of porous zeolite AlPO 4 -5 (AFI) single crystals [5] . Can electrospinning produce a single polymer molecule 'fibre' with a diameter smaller than half a nanometre? Generally speaking, lowering the polymer concentration in the solution reduces the diameter of electrospun nanofibres. But lowering the polymer concentration in the electrospinning solution almost always gives rise to beaded nanofibres [4, [6] [7] [8] . A small amount of electrically conductive salt, such as NaCl, R 4 NCl, or LiCl, usually increases the conductivity of the electrospinning solution and decreases the occurrence of beads on nanofibres [6, 8] .
Nylon-4,6 is one of the most successful commercial polyamide products. Our experience showed that nylon-4,6 electrospun nanofibres of 200-400 nm diameter were made using 16% by weight concentration nylon solution in formic acid. Vancso and his co-workers [9] made nylon-4,6 nanofibres with diameters of 30-150 nm using 10% concentration by weight, which is a relatively high concentration. Here we show that ultra-thin nanofibres with very small diameter could be made from a nylon-4,6 solution with a concentration of about 2% or less by weight. At this concentration, polymer molecules in the solution were close enough to each other to be entangled, and fibres were formed during the electrospinning process. A very dilute solution is not suitable for making polymer nanofibres since entanglements are needed. A very dilute polymer solution produces polymer nanoparticles, by the electrospray process [10] [11] [12] [13] [14] . The influence of concentration of the nylon solution on the diameter of nylon electrospun nanofibres motivated us fully to investigate the concentration dependence of electrospinning nylon-4,6. The thinnest polymer nanofibres were electrospun by optimizing the concentration of nylon-4,6 in formic acid solution. In this paper, formic acid was used as solvent, and pyridine as an additive to make the thinnest nanofibres of nylon-4,6. The smallest diameter measured, using transmission electron microscopy (TEM), was 1.6 nm, which is the thinnest electrospun polymer nanofibres yet reported. Evidence for even thinner nanofibres is described.
Experimental section

Materials and methods
Nylon-4,6 (Aldrich), mp = 295
• C, pyridine (Aldrich), 99.9%, and formic acid (Aldrich), 95% were used as received. The inherent viscosity of nylon-4,6 was 1.17 dl g −1 measured using an Ubbelodhe viscometer and formic acid as the solvent at 25
• C. The viscosity, electrical conductivity and surface tension of the concentrated nylon-4,6 solution in formic acid were measured using a NDJ-8S digital viscometer (Shanghai Precision & Scientific Instrument Co), DDS-11D conductivity meter (Shanghai Precision & Scientific Instrument Co), and a DT-AW tensiometer (Nanjing Sangli Electronic Equipment Co.) using the maximum bubble pressure method [15, 16] . IR spectra of nylon-4,6 nanofibre mats were recorded on a Perkin Elmer 781 spectrophotometer. Scanning electron microscope (SEM) images were taken using a Quanta 200 scanning electron microscope (FEI, USA). The nanofibre samples were coated with a gold layer 1-3 nm thick to provide electrical conductivity. TEM images were obtained using a JEM 3010 microscope (JEOL Ltd, Japan) operated at 300 kV, and a Technai-12 microscope (FEI, USA) operated at 120 kV.
Electrospinning
The electrospinning process was performed with the above solution in formic acid. A small amount of pyridine, for example, 45.0 µl pyridine in 10 ml of the solution, was used to increase the electrical conductivity of the solution. The electric fields were of the order of 420 kV m −1 , from a positive 30 kV electrical potential applied to a spinneret and a negative 20 kV electrical potential applied to a collector that was 12 cm from the spinneret. The as-electrospun nylon-4,6 nanofibres were dried at 80
• C in vacuum to remove the residual solvent and pyridine.
Results and discussion
Nanofibre size and diameter controlling
Conventional nylon fibres produced by melt spinning have a linear density as low as about 1.7 dtex, which corresponds to a fibre diameter of the order of 30 µm [9] . In the work reported here, the diameter of the as-electrospun nylon-4,6 nanofibres range from about 1 µm to less than 2 nm. The diameter was controlled by adjusting the nylon concentration of the electrospinning solution. Table 1 of nylon-4,6 nanofibres made by electrospinning solutions with different concentrations of nylon-4,6. The electrospun nanofibre was formed from a jet of polymer solution, which was ejected from a liquid drop held at the tip of a hollow needle used as a high voltage electrode. A jet of lower nylon concentration elongated more before solidification by drying and formed smaller diameter nanofibres. By the same process, a jet from a more concentrated solution produced nanofibres with larger diameters. Electron microscope observations on those electrospun fibres made from different nylon-4,6 concentrations confirmed that higher nylon concentration produced thicker nanofibres, and lower concentration produced thinner nanofibres, as shown in figure 2 . The average diameters of those nanofibres made at different nylon concentration were statistically determined by measuring the diameter of each nanofibre in the images shown in figure 2 using Adobe Photoshop 8.0 software. The average diameters are listed in table 1. The dependence of the average diameter on nylon-4,6 concentration by weight % is plotted in figure 1 , which leads to a power law relationship of equation (1).
Here D is the average diameter (in nm) of nanofibres, and C is the percentage concentration of nylon-4,6 by weight. At higher concentrations, the diameter increased rapidly with the increase of the concentration. The thinner nanofibres, produced at nylon-4,6 concentrations lower than 4% by weight, are beaded fibres. Nylon concentrations of 20% or more by weight resulted in ribbon-like nanofibres (see figure 2) . The formation of ribbon-like nanofibres by the collapse of a thin, tube-like skin formed on the moving liquid jet due to a rapid vaporization of solvent from the surface of the jet has previously been described [17] . The tube collapses as the solvent evaporates. The circular cross section of the jet becomes a ribbon with a cross-sectional perimeter nearly the same as the perimeter of the jet.
Beaded fibres and preventing beads
Polymer solutions have three concentration regimes, that is, the dilute regime, the semi-dilute regime and the concentrated regime [18] . In the concentrated regime, polymer chains interpenetrate and entangle with each other, which increases the viscosity of the polymer solution. The viscosity and surface tension of concentrated polymer solution are listed in table 2. Previously reported work [8] showed that high viscosity favours the formation of thicker fibres without beads, but surface tension drives towards the formation of beaded fibres. Electrospinning using a concentrated nylon-4,6 solution produced smooth bead-free nanofibres with thicker diameters. Although the surface tension, which is one of the main factors that influenced the formation of beaded fibres, increased as the nylon concentration increased in the electrospinning solution, the viscosity increased more rapidly and was the main factor influencing the character of electrospun nanofibres.
In the dilute regime, polymer molecules have a coil-like conformation, and can be approximated by separated spheres for most descriptions of the solution behaviour. There are many fewer polymer chain entanglements between macromolecules in a dilute solution. The viscosity of a dilute polymer solution is therefore low, approaching the viscosity of the solvent. Electrospray, from a dilute polymer solution, can make a very thin polymer film [11, 12, 14] . In the semi-dilute regime, polymer molecules act as separate coils, but crowding and touching each other. Interactions between polymer chains therefore increase, producing significant increases in viscosity. Electrospinning in the semi-dilute regime produces thinner nanofibres, which may be beaded. The electrospun nanofibres of nylon-4,6 made from formic acid solutions of nylon at concentrations lower than 4% by weight were thinner, as shown in figure 3 . Previously reported work [7] showed that beads formed, while the jet was still fluid, if the electrical force that tended to extend the nanofibre was reduced by the neutralization of the excess charge on the fibres with ions created in air by a corona discharge. Then surface tension in the fluid jet created a pressure that forced the solution into beads. Vancso [4] reported beaded fibres spun from aqueous solutions of poly(ethylene oxide). They found that the bead diameter and spacing were related to the fibre diameter: the thinner the fibre, the shorter the distance between the beads and the smaller the diameter of the beads. In our experiment, the distribution of the bead diameters and spacing between adjacent beads were not regular. Some beads were very small, and others were much larger. The diameter of the beads was not correlated with the diameter of the nanofibres (see figure 3) . The diameter of the largest bead was 20 times the diameter of the nanofibre holding the bead.
Beads on the nanofibres may be useful in some applications, but must be avoided if long thin nanofibres are desired. Avoiding or controlling the formation of beads on nanofibres is an interesting topic to many researchers. Magarvey and Outhouse [19] found that the break-up of water jets depended on the electrical current. The more current the water jet carried, the less likely it was to form droplets.
Many salts soluble in organic solvent could be used to increase the electrical conductivity of the solution so that the jets could carry more current. Here we used pyridine to improve the conductivity of solutions of nylon in formic acid. Pyridine is an organic base that reacts with formic acid to give rise to an organic salt of a weak acid and a weak base. Pyridine not only improves the conductivity of the electrospinning solution, but also can be easily removed from the resulting nanofibres by evaporation. Table 3 significant influence on the electrical conductivity of the formic acid solution of nylon-4,6. About 0.4% by weight pyridine doubled the electrical conductivity of the formic acid solution of 2% nylon-4,6 since the pyridine in the solution increased the concentration of the current-carrying ions. The pyridine had a weak influence on the viscosity and almost no influence on the surface tension of the formic acid solutions of nylon (see figure 4) . Beads did not form on the ultra-thin nylon nanofibres spun from the solutions that contained pyridine. The addition of pyridine may also change the interactions between the nylon molecules, and thereby increase the viscosity (see curve 1 in figure 4) , which also helps to reduce the concentration of beads. The bigger beads were no longer observed when a small percentage of pyridine was added.
Observations of the smallest diameter polymer nanofibres
The diameter of molecules of crystalline polymers can be estimated from crystallography data. A diameter of 0.4 nm is typical. The diameter of oligomers of polyethylene was observed to be 0.4 nm in single-layer crystal-like arrays of extended chains [20] . The hard sphere diameter of polyethylene was estimated to be 0.39 nm from the total structure factor from PRISM (polymer reference interaction site model) theory based on x-ray diffraction data [21] [22] [23] . A fibre containing a single unsupported nylon polymer molecule has not been observed but single DNA molecules with double helix backbone chains, with a diameter of around 2.5 nm, are commonly observed on a suitable substrate [24, 25] . The smallest diameters of a segments of electrospun polymer nanofibres was 3 nm (between two beads) reported by Fong and Reneker [7] . The smallest diameter of an electrospun beadfree polylactide nanofibre was 5 nm, observed using TEM by Hou et al in 2002 [26] . In this work, copper grids with holey carbon films were used to collect the nanofibre sample made from a solution of nylon in formic acid containing 2% nylon and 0.44% pyridine by weight. The 2-5 µm diameter holes of the holey film were necessary for holding the sample as it was moved from the electrospinning apparatus to the transmission electron microscope for observation. An ultra-thin nanofibre mounted with a wider span is subjected to damage even by slowly moving air. In this work, the smallest measured diameter of the nanofibres was 1.6 nm (as shown in figure 5 ). We believe that fibres thinner than 1.6 nm were present in these samples. Polymer molecules are unstable and can be broken by electron radiation [27] [28] [29] [30] [31] . Nylon-4,6 belongs to the group of highly beam-sensitive polymeric materials [27, 29, 32] . At a high magnification, time is needed to focus on the fibre. A small diameter nanofibre is too delicate to withstand the electron radiation for the several seconds generally required to find and focus on a fibre. In most attempts, the electron beam destroyed the ultra-thin fibre before a focused image of the thinnest fibre was obtained. The arrows in figure 5(C) point to a fibre destroyed by electron radiation. At a lower magnification, we observed several faint images of very thin nanofibres (see the white arrows in figure 5(A) ). We believe the smallest diameter nanofibres are thinner than 1 nm, although the diameters of the smallest fibres could not be accurately measured before they were destroyed by radiation damage.
The electron diffraction pattern of a single electrospun nylon-4,6 nanofibre is not easy to obtain due to the instability of polyamide under the radiation damage of the electron beam [34] . Figure 6 is a diffraction pattern of a single nylon-4,6 nanofibre with 85 nm diameter, which was obtained after many attempts. The diffraction pattern shows that the nylon-4,6 molecules were well oriented along the direction of the nanofibre axis. In view of the similar chemical bond lengths and bond angles, the diameter of a nylon-4,6 molecule should be similar to that of polyethylene, that is, 0.4 nm [20] [21] [22] [23] . If the molecules of nylon-4,6 are oriented along the direction of the nanofibre axis, then a 1.6 nm diameter nylon fibre has about 14 molecules crossing any section of the fibre, as shown schematically in figure 7 . Ten of these molecules are on the surface with only four in the interior. Other small assemblies (see figure 7) are (1) a fibre with either seven or six molecules, corresponding to 1.2 nm diameter; (2) four molecules in fibres with 1.1 and 0.97 nm diameter; (3) fibres with three or two molecules, with diameter near 0.8 nm; and (4) a single molecule, corresponding to 0.4 nm diameter. The faint images of nanofibres in figure 5(A) were probably from such thinner fibres with a few aligned nylon-4,6 molecules crossing the fibre section.
Summary
In the present work, ultra-thin polymer nanofibres with diameters ranging from about 1 µm down to 1 nm were successfully made by electrospinning a solution of nylon-4,6 in formic acid. The concentration of nylon is the main factor influencing the fibre diameter. The observed dependence of the diameter of nylon-4,6 nanofibres on the concentration is represented by a power law relationship of D = 4.1e 0.267C . Thicker ribbon-like fibres were made by electrospinning a solution with a concentration as high as 20% by weight of nylon-4,6 in formic acid. The smallest nylon nanofibres with diameter less than 1.6 nm were electrospun from solutions containing 2% by weight of nylon-4,6 in formic acid. Concentrations less than 4% by weight sometimes produced beaded nanofibres. A small amount of pyridine added to the formic acid was helpful for avoiding the formation of beaded fibres.
TEM observation on ultra-thin polymer nanofibres was difficult due to the sensitivity of polymer molecules to radiation damage caused by electron beam. However, the high resolution of TEM is useful for measuring the size of the ultra-thin polymer nanofibres. Ultra-thin fibres spanning a narrow gap, instead of laying on a solid substrate, ensure that the faint fibre-like TEM images must be the images of nanofibres. The smallest nanofibre observed using TEM can contain only a few nylon-4,6 molecules in a cross section of the fibre. For example, a 1 nm diameter nanofibre can contain four nylon-4,6 molecules crossing any section of the fibre. These observations lead us to believe that electrospinning of very thin polymer fibres will become useful for a direct observation of the position of atoms in molecules with new electron microscopes that are corrected for spherical aberration, and which collect information from every electron that passes through the nanofibre.
